During a study of the growth of tubercle bacilli on primary isolation on oleic acid-albumin agar and on the egg medium of the American Trudeau Society (ATS), the observation was made that a number of strains, which gave growth on ATS medium, did not grow, or grew very poorly, on oleic acid-albumin agar medium (Middlebrook, Cohn, and Schaefer, 1954) .
In an attempt to improve this latter medium various growth factors were added, and it was found that biotin was either markedly stimulating or even absolutely required for the artificial cultivation of several strains (Middlebrook, Cohn, and Schaefer, 1954) . Similarly, incubation under an atmosphere with increased COs content also stimulated the growth of these strains markedly. One strain has been observed for which biotin would not support growth at 37 C, and which was permitted to grow only by incubation under an atmosphere of air containing added C02.
The purpose of this paper is to report our observations on the roles of biotin and carbon dioxide as growth factors for tubercle bacilli.
MATERIALS AND METHODS
The basic oleic acid-albumin agar medium used in these experiments had the following composition: KH2PO4, 1 g; Na,HPO4 (anhydrous) May 7, 1954 . ' This medium was proved to contain less than 0.001 pg biotin/ml by microbiological assay with a biotin requiring strain of Lactobacillus arabinosus. glycerol (reagent grade), 2 ml; oleic acid-albumin complex, 50 ml; distilled water, ad 1,000 ml; agar, 15 g.
The pH was adjusted before autoclaving to 6.8 (unless otherwise indicated). After autoclaving, its value was found to be 0.15 to 0.2 pH units lower. Before autoclaving, malachite green (Coleman and Bell), in a final concentration of 0.5 to 1.0 ,ug/ml, was added in order to reduce the incidence of contamination. This concentration was found to have no significant effect on the growth of tubercle bacilli in this medium. Glucose and oleic acid-albumin complex, prepared as described by Dubos and Middlebrook (1947) , were added after autoclaving. The medium was poured into petri dishes. For the inoculation of the plates, the following procedures were used.
Clinical specimens were treated before inoculation by the concentration and deconination procedures previously described (Middlebrook et al., 1954) . When cultures in "Tween-albumin" liquid medium were to be used as inocula, they were ground in a Teflon grinder (Pierce, Dubos, and Schaefer, 1953) and filtered through an M-type sintered glass filter in order to obtain a suspension consisting predominantly of isolated bacterial celLs . The suspension was diluted to 10-or 10-6 in sterile solution of 0.2 per cent bovine serum albumin in distilled water, and 0.1 ml of each dilution was spread over the agar surface with a gla#s spreader while the plate was revolving on a turtable. The plates were placed in polyethylene plastic bags in order to protect them from desiccation and incubated at 37 C. For the study of the effect of incubation under an atmosphere of air with higher CO content, the plates were placed in glass desiccators which were evacuated to 50 mm Hg pressure and then filled to atmospheric pressure with a gas mixture of Ag/ml, and full growth in the presence of 0.1 ,ug/ml or higher concentrations of biotin. On the plates which were incubated in an atmosphere of 5 per cent C02 in air, full growth occurred in the absence as well as in the presence of biotin. In liquid Tween-albumin medium incubated in atmospheric air, the rate and total amount of growth increased with increasing biotin concentration in the medium. Desthiobiotin had the same growth stimulating effect as biotin. Pimelic acid, diamino-pimelic acid,4 asparagine, aspartic acid, oxalacetic acid, acetic acid, and arginine had no effect. Oleic acid and pyruvic acid also did not replace biotin but stimulated growth in the presence of biotin. Variations of the pH or a decrease of the incubation temperature from 37 to 34 C had no effect on the biotin requirement of this strain. Experiments of incubation in air with different concentrations of C02 indicated that a concentration of 1 per cent C02 in air was sufficient to support growth in the absence of biotin. The described strain was resistant to 500 ,ug/ml of streptomycin and to 30 ,ug/ml of isoniazid. It maintained its requirements for biotin or C02 after many transfers in biotin containing Tween-albumin medium. Occasionally, however, rare colonies were recovered from biotin-free agar media incubated under atmospheric air, and these colonies proved to be biotin-independent mutants. (3) The inhibiting effect of the biotin analogue 4-(imidazolidone-2) caproic acid and its reversal by increased CO2 tension. Having shown that incubation under increased C02 tension substitutes for a requirement for biotin, it seemed of interest to investigate whether increased C02 tension actually eliminates the need for biotin as a necessary growth factor or only decreases the amount of biotin required for C02 assimilation. For this study the biotin analogue 4-(imidazolidone-2) caproic acid" was used because it is known to inhibit growth of tubercle bacilli by antagonizing endogenous biotin (Pope, 1952 (1) 34 C in atmospheric air; (2) 37 C in 5 per cent CO2 air; (3) 37 C in atmospheric air (closed system); (4) 37 C in atmospheric air (open system).
The stimulating effect of CO2 was particularly marked on media of acid pH (6.6). An illustration of the beneficial effect of CO2 for the primary isolation of a tubercle bacillus strain from a sputum specimen is presented in figure 2 .
DISCUSSION
Airequirement of strains of tubercle bacilli for biotin has not previously been reported in the literature. The studies of Landy and Dicken (1941) and of Pope and Smith (1946) have shown, on the contrary, that the two human and one bovine strains studied synthesized biotin during growth on a synthetic medium. The experiments presented here show that strains of tubercle bacilli may manifest a requirement for exogenous biotin for their growth from small inocula on solid and in liquid synthetic media, and especially when they are cultivated on solid oleic acid-albumin media of acid reaction.
The observation that all strains could be cultivated in the absence of biotin when incubated in air with increased CO2 content suggests that the function of biotin in the metabolism and growth of tubercle bacilli is to promote the assimilation of CO2.
That CO2 is essential for the growth of tubercle bacilli was indicated by the studies of Wherry 1955] Figure 2 . Growth on primary isolation from sputum of a strain of Mycobacterium tuberculosis on oleic acid-albumin medium at various hydrogen ion concentrations incubated under air (top row) and under air with 5 per cent CO2 (bottom row) at 37 C for 3 weeks.
and Erwin (1918) and conclusively proven by Rockwell and Highberger (1926) and by Davies (1940) . The CO2 content of atmospheric air is apparently sufficient for the growth of most strains of tubercle bacilli on the classical egg yolk media which contain variable amounts of "free" biotin. Growth on such media is further favored by the customary enclosure of these media in sealed tubes, which permits an accumulation of metabolically produced CO2. In contrast, in the case of agar media poured in flat petri dishes, CO2 escapes more easily, and it is removed from the medium if the reaction of the medium is acid. The long incubation time necessary for the growth of tubercle bacilli and the slow rate of production of CO2 by the bacteria themselves prevent the amount of CO2 from reaching "physiologic" concentrations. Biotin, under these conditions, compensates for the low CO2 content of the environment.
The experiments reported here have shown that the biotin Or' C02 requirement of tubercle bacilli on acid culture media is increased by the presence of oleic acid. The mechanism by which oleic acid exerts this effect is not clear. The hypothesis that the ability of the medium to retain CO2 may be decreased in the presence of oleic acid was tested in manometric experiments with the Waarburg apparatus7 and disproved. It is possible that under those conditions where CO2 is lost from the aqueous environment (acid reactions), oleic acid, which normally stimulates growth (Dubos and Davis, 1946; Schaefer, 1952) The hypothesis that biotin functions as a coenzyme of CO2 transfer was first proposed by Burk and Winsler (1943) and further supported by Lardy, Potter, and Elvehjem (1947) who showed that the growth of Lacobacillus arabinosus was stimulated by bicarbonate in a medium with high, but not in a medium with low, biotin content. Proof of the role of biotin in the incorporation or transformation of CO2 into an essential metabolite was given by Wessman and Werkman (1950) who showed that acetone dried preparations of Micrococcus lysodeikticua were able to incorporate CO2 labeled with heavy carbon into oxalacetate and that this reaction was inhibited by avidin, an agent known to bind and render biotin unavailable to bacteria.
That factors other than biotin deficiency may be responsible for a requirement for increased CO2 tension is indicated by our observations on a strain which requires an increased CO2 tension for growth at 37 C even on media containing large amounts of biotin. This strain, however, was able to grow at atmospheric CO2 tension, and without added biotin, when incubated at 34 C. A similar observation has been reported by Borek and Waelsch (1951) for a strain of L. arabinosus. This strain required increased CO2 tension for growth at 37 C on a medium lacking phenylalanine and tyrosine, and for growth at 39 C on a medium lacking aspartic acid. The fact that the requirement for CO2 at the higher temperatures could be replaced by specific amino acids was interpreted as evidence that the synthesis of these amino acids from CO2 was inhibited at the higher temperatures. In the case of the tubercle bacillus no such replacement for the CO2 requirement was found. The cause of this CO2 requirement at higher temperature is unknown.
Soltys et al. (1952) Mutants which did not require biotin or increased CO2 tension could be isolated from such strains.
The inhibitory effect of moderate concentrations of the biotin analogue, 4-(imidazolidone-2) caproic acid, on the growth of biotin-independent strains was reversed not only by biotin but also by increased CO2 tension. However, in the presence of high concentrations of the inhibitor only biotin reversed the inhibition, suggesting that small amounts of biotin are essential for CO2 "fixation". The presence of oleic acid in albumin agar medium of acid reaction enhanced the requirement for biotin or carbon dioxide. The majority of strains obtained on primary culture from pathological materials manifested fastest growth on incubation under 1 to 5 per cent carbon dioxide on an oleic acid-albumin agar medium of pH 6.6.
One strain required increased CO2 tension for growth at 37 C but was able to grow at atmospheric CO2 tension, and without biotin, when
